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A B S T R A C T
Sodium caseinate (NaCAS) is widely used in the food industry to provide nutritional and functional beneﬁts. This
work deals with the eﬀects of applying moderate electric ﬁelds (MEF) of diﬀerent intensity - ranging from
2 V·cm−1 to 17 V·cm−1 - on the physical and functional properties of NaCAS solutions during Ohmic heating
(OH) at 95 °C. Self-standing gels were produced regardless the heating technique applied (i.e. conventional or
OH), and these gels were much more prone to physical rupture when compared with the ones produced from
unheated NaCAS. Interestingly, OH treatment formed gels with lower values of strain at rupture and water
holding capacity than unheated samples; this pattern was not observed for gels obtained through the conven-
tional heating treatment (at 0 V·cm−1). These eﬀects may be linked with disturbances of the distribution of
random coil structures and enhanced solubility of NaCAS at its isoelectric point, reducing aggregation and
impairing the development of a more compact protein network. Results show that OH presents potential to be
used as volumetric heating tool for NaCAS solubilization and for the production of distinctive acidiﬁed systems.
1. Introduction
Caseins are an important source of protein in functional foods and
are particularly important in preventing osteoporosis and reducing
hypertension (Huppertz & Patel, 2012; Snyder et al., 2007). Caseins in
milk consist in αs1-, αs2-, β- and κ-caseins, and diﬀer by phosphoseryl
groups (amount and distributions) and precipitation sensitivity in pre-
sence of ionic calcium (Lucey, Johnson, & Horne, 2003). They are
present in micellar form and are stabilized by coating κ-caseins;
moreover, caseins are partially unfolded in solution, forming structures
easily identiﬁed through experimental techniques. Generally, caseins
are hydrophobic and negatively charged, thus providing a steric im-
pediment that allows colloidal stability. Such stability depends on
physiological conditions, hydrophobic bonds, cross-linked peptides or
even ionic bonds (Gunasekaran & Solar, 2012; Normal, 2000; Walstra,
Wouters, Geurts, Wouters, & Geurts, 2005).
Milk caseins can be obtained through precipitation by κ-casein
cleavage, followed by precipitation at pH 4.6 and addition of calcium in
excess (casein precipitation), with a ﬁnal addition of ethanol or a
heating step at high temperatures (Kinsella & Morr, 1984). Further-
more, it is important to highlight that caseins are quite stable to high
temperatures since they do not coagulate at 100 °C for 24 h, and are
resistant for 20min under 140 °C, at natural milk pH (around 6.7) (Fox
& Mcsweeney, 1998).
However, isoelectric casein shows low solubility in water, but it can
be converted into caseinate through dispersion of this protein in water
and pH adjustment (pH≈ 6.7) with alkali addition. Usually NaOH is
used forming sodium caseinate (Thompson et al., 2008), which is stable
to heat (140 °C for 15min, at pH 7) and it is an eﬀective emulsiﬁer,
thickener, and foaming agent. Sodium caseinate is usually applied in
baked food, breakfast cereals, meat products, coﬀee whitener, whipped
toppings, instant breakfast, desserts, puﬀ snacks and cheese analogs
(Kinsella & Morr, 1984).
It is possible to produce casein/caseinate gels from the destabili-
zation of caseins through enzymatic or acidiﬁcation processes or using a
combination of both. Although there are some diﬀerences between
these processes, the inhibition by low pH is the main restriction in the
subsequent employment of bacterial cultures (e.g. for cheese produc-
tion) (Kuhn, Picone, & Cunha, 2009).
During caseins acidiﬁcation, the phosphoseryl residues and carboxyl
groups change their ionized state due to their proton aﬃnity, once at
neutral pH caseins have negative charges and are neutral near the pI,
which leads to particle aggregation and to the establishment of a gel
structure (Broyard & Gaucheron, 2015). These gels are aﬀected by
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concentration, composition, temperature, ionic strength, pH and gela-
tion rate (Braga, Menossi, & Cunha, 2006; Chen, Dickinson, & Edwards,
1999; de Kruif, 1997; O'Kennedy, Mounsey, Murphy, Duggan, & Kelly,
2006).
Ohmic heating (OH), also called Joule heating, occurs by internal
heat generation due to the internal resistance of the material to be
treated (Vicente, Castro, & Teixeira, 2005). The ﬁrst application of this
technology was milk pasteurization; however, the high costs involved
and the corrosion of the electrodes led to the abandonment of the
technology. Currently, research has allowed the application of this
technology to the processing of fruits, vegetables, meat products and
other foods, allowing to obtain to manufacture of products with higher
quality than those by existing techniques (Pereira, Rodrigues, &
Teixeira, 2015; Pereira, Souza, Cerqueira, & Teixeira, 2010; Vicente
et al., 2005).
Thus, the main beneﬁts of OH are the absence of hot surfaces, rapid
and uniform heating of liquids and solids (direct and volumetric
heating, ideal for processing of viscous and sensitive products), high
energy eﬃciency, simple and environmental friendly technology and
low maintenance costs. This technology also allows a very fast heating,
overcoming heat transfer limitations that naturally occur during con-
ventional thermal treatments (Pereira et al., 2015).
Recent studies indicated that the application of electric ﬁelds to
globular proteins result in conformational changes in the proteins
structure, which result in protein ﬁlms and gels with distinctive prop-
erties (Pereira et al., 2010; Pereira, Teixeira, & Vicente, 2011;
Rodrigues et al., 2015). However, no systematic characterization has
been made regarding the electrical eﬀects (e.g. the application of
moderate electric ﬁelds (MEF) and electrical frequency) of OH on
physical and functional properties of protein structures which are
highly stable to heat, such as caseins. Thereby, the aim of this study is
to evaluate for the ﬁrst time the electrical eﬀects of OH on functional
and technological properties of NaCAS, such as solubility, protein sec-
ondary structures distribution, protein aggregation and gelation as a
function of the characteristics of the electric ﬁeld applied during OH.
2. Material and methods
2.1. Materials
The sodium caseinate powder (4.16% ash, 1.13% fat, 91% protein
and 6.30% moisture) was kindly provided by Alibra Ingredients Ltda.
(Campinas, Brazil). Glucono-δ-lactone (GDL) was purchased from
Sigma Chemical Co. (St Louis, MO, USA).
2.2. Preparation of sodium caseinate (NaCAS) solutions
NaCAS solutions were prepared in for advanced structural char-
acterization. Taking into consideration that NaCAS is more soluble
between pH 5 and 8 (Jahaniaval, Kakuda, Abraham, & Marcone, 2000),
a stock solution of 1% (w/v) NaCAS was prepared in 0.1mol·L−1
phosphate buﬀer at pH 7.0 with 0.01% (w/v) sodium azide in order to
avoid any kind of microbial degradation. This solution was homo-
genized overnight and then centrifuged in a Mikro EBA 20 (Hettich,
Germany) at 3461g for 30min and ﬁltered twice in ﬁlter paper with a
pore size of 0.2 μm (adapted from HadjSadok, Pitkowski, Nicolai,
Benyahia, & Moulai-Mostefa, 2008). The ﬁnal pH of solutions was
properly checked and adjusted with 0.2 mol·L−1 NaH2PO4 or
0.2 mol·L−1 Na2HPO4 when necessary before centrifugation and ﬁltra-
tion.
For soluble protein and turbidity (section 2.3.1) and ﬂuorescence
(section 2.3.2) assays at a pH near the proteins pI, protein precipitation
was performed adding to samples an acid solution containing
0.83mol·L−1 CH3COOH and 0.2mol·L−1 CH3COONa, at pH 4.6, at a
ratio 1:1 (protein solution: acid buﬀer). The resulting solutions were
centrifuged at 17530 g for 10min in a centrifuge Mikro 120 (Hettich,
Germany) and the supernatant was removed to be used in the assays
(Pereira et al., 2011).
2.3. NaCAS gel solutions
For the production of protein acidiﬁed gels, NaCAS solutions were
prepared as described previously (section 2.2) but with a concentration
of 6% (w/v) in ultrapure water and homogenized overnight. The pH
was adjusted using 1mol·L−1 NaOH and/or HCl in order to ensure
pH 7.0. A 6% concentration of NaCas was necessary to form hard gels
with good water holding capacity using glucono-δ-lactone as gelation
inducer (Braga et al., 2006).
2.4. Heating treatments
The samples were subjected to conventional and OH at 95 °C for a
holding time of 15min. Conventional heating was performed using test
tubes immersed in a temperature-controlled water bath. These heating
conditions were based on preliminary results (data not shown) that
evidenced that heating at 95 °C for 10 to 20min produced identical
results regarding size and ﬂuorescence properties and that were enough
to enhance NaCAS solubility.
The application of OH and its MEF was done in protein solution
conditioned in a cylindrical reactor (30 cm total length and 2.3 cm
inner diameter) containing two stainless steel electrodes isolated with
polytetraﬂuorethylene (PTFE). Tensions were controlled using a func-
tion generator (Agilent 33,220 A, Bayan Lepas, Malaysia; 1 Hz-25MHz
and 1–10 V) connected to an ampliﬁer (Peavey CS3000, Meridian, MS,
USA; 0.3–170 V) (Rodrigues et al., 2015). The temperature measure-
ment was performed through a k-type thermocouple (1 °C, Omega, 709,
USA) placed at the geometric center of the sample volume and con-
nected to a data logger (National Instruments, USB-9161, USA). Voltage
and electric current data were also recorded during experiments. Three
diﬀerent intensity levels of electric ﬁeld (p < .05) were applied during
OH of NaCAS solutions - 2 V·cm−1, 5 V·cm−1 and 17 V·cm−1 - with an
average time required to reach the 95 °C of 124 s, 50 s and 69 s, re-
spectively. An electric ﬁeld intensity of 9 V·cm−1 was applied to the
acidiﬁed system (section 2.3). Electric ﬁeld was calculated at the end of
each heating cycle through the ratio between the applied electric vol-
tage (V) and distance between electrodes (cm) necessary to keep
treatment temperature at 95 °C for 15min.
After heat treatment, solutions were immediately cooled in an ice
bath in order to stop additional eﬀects induced by heat. Both unheated
(control) and heated samples were stored under refrigerated conditions
for further testing. The samples were analyzed for particle size (section
2.6.1), charge density (section 2.6.2), turbidity and soluble protein
(section 2.6.3), intrinsic ﬂuorescence (section 2.6.4) and circular di-
chroism (section 2.6.5). All measurements were performed at least in
triplicate.
2.5. Acidiﬁed gelation process
Gels were prepared with previously heated protein solutions (6% w/
v) by ohmic or conventional heating. After heating, the conventionally
and ohmic heated solutions were cooled to near room temperature and
GDL was added at a ratio of 0.18 (w/w) GDL/protein as described by
Braga et al. (2006). After GDL addition the samples were homogenized
for 8min and stored into silicon lubricated cilindrical plastic tubes
(14mm diameter) at room temperature for 48 h.
A control sample without heating was prepared with the same ratio
of GDL, homogenization and storage conditions. Gels were analyzed
after 48 h in terms of water holding capacity (section 2.6.6) and texture
(section 2.6.7). All measurements were performed in triplicate.
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2.6. Analyses
2.6.1. Particle size distribution
The particle size distribution was obtained from Dynamic Light
Scattering in a Zetasizer Nano (ZEN 3600, Malvern Instruments Ltd.,
Malvern, UK) at 25 ± 0.5 °C. Results were analyzed by the hydro-
dynamic diameter and polydispersity index of the particle size dis-
tribution (Zeta Software 7.11, Malvern Instruments Ltd., Malvern, UK).
2.6.2. Surface charge density
Control and heated samples were diluted ten times and their charge
density (zeta potential) was measured in the Zetasizer Nano (ZEN 3600,
Malvern Instruments Ltd., Malvern, UK).
2.6.3. Turbidity and soluble protein
Protein solubility and turbidity were evaluated by absorbance
readings at 280 nm and 600 nm, respectively. The assays were per-
formed in a microplate reader (Biotek Synergy HT, Biotek, Winooski,
USA), at pH 7.0 and at buﬀer solution pH 4.6.
2.6.4. Intrinsic ﬂuorescence
Intrinsic ﬂuorescence of protein solutions was followed by means of
soluble tryptophan/tyrosin ﬂuorescence value (FTrp) at excitation/
emission wavelength of 286/340 nm (Hidalgo, Riquelme, Alvarez,
Wagner, & Risso, 2012; Pereira et al., 2011). Samples were diluted a
hundred-fold to avoid eﬀects of light scattering, and then assayed in a
ﬂuorescence spectrophotometer (Hittachi, F-4500, Tokyo, Japan) at
pH 7.0 and at buﬀer solution pH 4.6 (Birlouez-Aragon, Sabat, & Gouti,
2002; Pereira et al., 2011).
2.6.5. Circular dichroism (CD)
The structure and conformation of protein solutions was analyzed
by Far-UV circular dichroism. The solutions were diluted ﬁfty-fold and
evaluated at 25 °C in the spectral range 190 nm to 260 nm with a Jasco
DC 1500 spectrophotometer (Jasco Corp., Japan) using a quartz curv-
ette with 0.1 cm of optical path. The spectral resolution was 0.5 nm, and
the scan speed was 50 nm/min, with a response time of 2 s at a band-
width of 1 nm. Two spectra were obtained for each sample. The molar
ellipticity [θ] (deg.cm2/decimole) was calculated by Eq. 1, where c is
the sample molar concentration, l is the light path length (cm) and θ is
the instrument measured ellipticity (mdeg) (Ioannou, Donald, & Tromp,
2015).
=
∙
∙
θ θ
c l
[ ] 100
(1)
2.6.6. Water holding capacity (WHC)
Gel discs (~1 g), were placed on Whatmann ﬁlter paper (Maidstone,
UK) into 15mL falcon tubes. Water loss was determined at room tem-
perature by the gel weight diﬀerence before and after centrifugation at
162.47 g for 10min in a Mikro EBA 20 (Hettich, Germany), based in the
method described by Braga et al. (2006). The water holding capacity
(WHC) was calculated according to Eq. 2, where Waterloss is the water
lost in the centrifugation (g) and Watergel is the water content of the gel
before centrifugation.
= −WHC Water Water% 100·[1 ( )/ )]loss gel (2)
2.6.7. Texture
The uniaxial compression tests were performed in a TA-HD Plus
texturometer (Stable Microsystems Ltda., Godalming, UK) using an
aluminum cylinder geometry (25mm diameter). Compression was
performed until 80% of the original height of the sample, at a com-
pression rate of 1mm·s−1. Hencky stress (σH) and strain (εH) were
calculated from the height and force values (Steﬀe, 1996). The break
point was obtained as the maximum stress value and the Young
modulus (Y) from the initial linear region of the stress-strain curve.
2.7. Statistical analyses
Statistical analyses were performed using STATISTICA 7.0 (data
analysis software system) (StatSoft Inc., Tulsa, OK, USA). Statistical
signiﬁcance was determined by Anova and Tukey's tests, using 0.05 as
level of signiﬁcance. All experiments were run at least in triplicate.
3. Results and discussion
3.1. Characterization of NaCAS after heat treatment
All samples presented a bimodal particle size distribution with peak
values around 23 nm and 220 nm. The larger particle size is related to
NaCAS in water (around 200 nm) and the smaller size can be associated
to the presence of small aggregates in the buﬀer solution with ionic
strength higher than 100mM (HadjSadok et al., 2008; Mezdour &
Korolczuk, 2010).
No signiﬁcant diﬀerences (p > .05) were observed between charge
density of untreated and treated samples. Considering that caseins are
highly hydrophobic and charged (Walstra et al., 2005), that charge
density was stable for all OH processes, including OH carried out at
diﬀerent electric ﬁeld intensities. Much in the same way, at the iso-
electric point minimal repulsive were found, which favored hydro-
phobic interactions and protein aggregation (Aguilera & Rademacher,
2004; Roefs & Van Vliet, 1990). In general, OH and diﬀerent levels of
electric ﬁeld intensity caused oscillations in the aggregation pattern
(mean particle size of peak 1) but these were not suﬃciently high or at
least consistently reproducible to be considered statistically signiﬁcant
among comparisons (Table 1). In general, the solutions remained stable
during OH but lack of consistency on measurements should not be
overlooked, once it can be related to changes on charges organization
within protein structure when heating under the inﬂuence of MEF at
diﬀerent intensities.
Regarding turbidity and protein solubility measurements, no sig-
niﬁcant diﬀerences (p > .05) were observed at pH 7.0. (Fig. 1a and 1b)
and pH 4.6 (Fig. 1c and 1d), but in the latter it was noticed a tendency
to increase protein solubility with increasing electric ﬁeld intensity
(Fig. 1c). All caseins contain tryptophan residues in diﬀerent propor-
tions (Normal, 2000), allowing the measurement of protein intrinsic
ﬂuorescence and thus inferring about the amount of soluble protein or
protein conformational disturbances imposed by electroheating treat-
ments (Fig. 2a and 2b). At pH 7.0 the intrinsic ﬂuorescence remained
barely constant within the several treated and untreated samples, while
at pH 4.6 an increase of peak intensity relative to tryptophan/tyrosin
emission was observed between 300 and 440 nm (Fig. 2b) for increasing
electric ﬁeld intensity. The intensity of the electric ﬁeld applied during
heating reduced the ability of NaCAS to precipitate at pH values close to
Table 1
Surface charge density, hydrodynamic diameter and polydispersity index of
protein solutions treated at 95 °C for 15 minutes under OH. Diﬀerent letters in
the same column mean signiﬁcant diﬀerences between the samples (p < 0.05).
E/(V·cm−-1) Zeta
potential mV
Hydrodynamic diameter
(Hd) nm
Polydispersity index
(PDI)
Peak 1 Peak 2 Peak 1 Peak 2
Control −-28.62±
0.67a
222.42±
5.68a
23.68±
1.16a
0.19±
0.03a
0.07±
0.03a
2 −-27.99±
1.35a
217.26±
2.77a
23.82±
0.48a
0.16±
0.03a
0.06±
0.01a
5 −-28.91±
0.68a
214.71±
3.95a
23.12±
0.65a
0.18±
0.04a
0.07±
0.02a
17 −-28.52±
0.98a
220.79±
11.75a
23.71±
1.12a
0.19±
0.05a
0.07±
0.02a
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the isoelectric point (pH 4.6).
The changes in structure and conformation of proteins could be
followed using circular dichroism (CD), by identifying the main struc-
tural elements (α-helix, β-sheet and coil). The α-helix structure is ob-
served in a positive band at 190 nm and in a negative band at 208 and
220 nm. In addition, β-helices, in proteins with antiparallel β-pleatead
sheets, can be observed in a negative band at 218 nm and at 195 nm in a
positive band. The random coil structure is identiﬁed in a positive band
near 215 nm and a minimum ellipticity around 203 nm, but only the
latter was detected for NaCAS (Barreto et al., 2003; Greenﬁeld, 2007).
Fig. 3 shows the structures observed for NaCAS under diﬀerent electric
ﬁelds. CD spectra (Fig. 3) show a minimum ellipticity at 203 nm, at-
tributed to the random coil structure, and a pronounced shoulder at
220 nm, attributed to the α-helix structure (Barreto et al., 2003;
Furtado, Mantovani, Consoli, Hubinger, & da Cunha, 2017). More or-
dered structures can be observed at lower proportions, although the
predominant structures are unordered, as described elsewhere (Furtado
et al., 2017; Jahaniaval et al., 2000). Caseins show a very ﬂexible
rheomorphic structure, allowing these proteins: to be stable to tem-
perature and denaturing agents, to have surface activity properties, and
making them more prone to proteolysis (Normal, 2000). Caseins are
known to be stable up to 140 °C, at neutral pH, for many hours
(McSweeney & Fox, 2003). Interestingly, heating treatments at electric
ﬁelds of 2 and 5 V·cm−1 tended to result in a more pronounced decrease
of molar ellipticity at 203 nm and 220 nm, although there were no
signiﬁcant diﬀerences between them (Table 2).
Overall, no signiﬁcant eﬀects were observed on particle size and
protein structures distribution, even under electric ﬁeld and tempera-
ture eﬀects. However, some evidences of changes were observed in
relation to protein solubility measured by ﬂuorescence of tryptophan/
tyrosine at NaCAS isoelectric point. Further, as discussed previously,
molar ellipticity at certain wavelengths (e.g. at 203 nm and 220 nm)
also points to conformational changes among diﬀerent treatments,
particularly at electric ﬁelds ranging from 2 to 5 V·cm−1. It is worth
nothing that Furtado et al. (2017) observed changes in protein hydro-
phobicity when sodium caseinate was submitted to an ultrasound
process, despite not observing alterations in the structure or charge
density. It can be suggested that the electric current may have imposed,
even subtly, disturbances on the charges organization and re-orienta-
tion of hydrophobic residues, as mentioned previously, leading to
higher solubility when the pH was reduced towards the isoelectric
point.
3.2. Multivariate analysis
The classical univariate statistical analysis not always provides ac-
curate information about the relationships among the diﬀerent studied
variables, neither it allows the clustering of samples with similar
characteristics (Destefanis, Barge, Brugiapaglia, & Tassone, 2000).
Multivariate statistical tools are frequently used in various ﬁelds, in-
cluding protein science (Sakurai & Goto, 2007), allowing the simulta-
neous analysis of more than one dependent variable. In this work,
hierarchical cluster analysis (HCA) and principal component analysis
(PCA) were performed to identify a global pattern of NaCAS behavior
treated under diﬀerent electrical ﬁeld intensity by linking all char-
acterization results discussed above – e.g. particle size distribution, loss
of protein solubility, intrinsic ﬂuorescence and protein structure.
Hierarchical cluster analysis (HCA) allowed to identify three clus-
ters in the data set: cluster 1) composed of unheated samples; cluster 2)
electro-heated samples at 5 V·cm−1 and 17 V·cm−1; and cluster 3)
corresponding to samples electro-heated at 2 V·cm−1. Intrinsic ﬂuor-
escence at pH 7 (p < .05) and pH 4.6 (p < .01), size measurements at
peak 1 (p < .01), and dichroic signals particularly at 220, 210 and
240 nm (p < .001) were the major criteria for assigning samples to
diﬀerent clusters (p < .05). Other variables such as surface charge, PDI
and size measurement at peak 2 were not statistically signiﬁcant
(p > .05). Fig. 4a shows the outcome of PCA projection of variables
and the aforementioned assigned clusters. The ﬁrst and second
Fig. 1. a) Soluble protein at pH 7.0 (280 nm), b) turbidity at pH 7.0 (600 nm), c) soluble protein soluble at buﬀer solution pH 4.6 (280 nm) and d) turbidity at buﬀer
solution pH 4.6 (600 nm) of protein solutions treated at 95 °C for 15 minutes under OH at diﬀerent electric ﬁelds intensity. Diﬀerent letters mean signiﬁcant
diﬀerences between the samples (p < 0.05).
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components together explained> 60% of total variation in the results.
The variability of the ﬁrst component (horizontal axis) was mainly
introduced by diﬀerences found in structures proﬁle of NaCAS (CD).
Unheated samples (cluster 1) presented a less negative dichroic signal
at wavelengths of 203 and 220 nm, followed by solutions treated at 5
and 17 V·cm−1 (cluster 2). The more negative dichroic signal of samples
treated at 2 V·cm−1 found in CD ranging from 190 nm to 240 nm in-
dicate the presence of more unordered protein structures. CD mea-
surements and intrinsic ﬂuorescence at pH 7 were well correlated ac-
cording to the projection of variables (Fig. 4b). In opposition, outcomes
from protein surface charge were negatively correlated with CD mea-
surements.
Therefore, the electro-heating treatment at 2 V·cm−1 resulted in an
increase of protein surface charge (less negatively charged) with a
concomitant decrease of dichroic signal (more negative signal at wa-
velengths of 203 and 220 nm) or increase of unordered state of the
protein. The second component (vertical axis) is explained by diﬀer-
ences found in size measurements and solubility of protein measured by
intrinsic ﬂuorescence at pH 4.6. In this case, protein solubility was
negatively correlated with the size measurement, which means that
high protein solubility corresponds to protein particles with smaller
size. Samples treated at electric ﬁelds ranging from 5 to 17 V·cm−1
presented higher solubility at pH 4.6 and smaller aggregates when
compared with unheated samples and samples treated at 2 V·cm−1. It is
Fig. 2. Spectroﬂuorimetry and intensity of emission peak of tryptophan/tyrosin of sodium caseinate solutions treated at 95 °C for 15 minutes by OH at diﬀerent
electric ﬁelds: a) sodium caseinate solutions at pH 7.0 and b) sodium caseinate solutions at pH 4.6. Diﬀerent letters in the same column mean signiﬁcant diﬀerences
between the samples (p < 0.05).
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important to highlight that stronger interactions are formed near the
isoelectric point (at pH=4.6 in the case of caseins), allowing the acid
coagulation of caseins (H. Chen, 2002).
3.3. Caseinate gels
During NaCAS acidiﬁcation towards the isoelectric point, phos-
phoseryl residues and carboxyl groups change their ionization state. At
the pI, the solubility of NaCAS is minimal favoring hydrophobic inter-
actions and increasing protein aggregation. Gel formation occurs above
a critical protein concentration and under slow acidiﬁcation
Fig. 3. Far-UV circular dichroism (CD) spectra of sodium caseinate solutions treated at 95 °C for 15 min by OH at diﬀerent electric ﬁeld intensities.
Table 2
Molar ellipticity at 203 and 220 nm. Diﬀerent letters in same column mean
signiﬁcant diﬀerences between samples (p < 0.05).
E/(V·cm−1) θ (°.cm2/(dmol))x109
203 nm 220 nm
Control −2.811 ± 0.005a −0.956 ± 0.005a
2 −3.364 ± 0.243a −1.156 ± 0.088a
5 −3.113 ± 0.330a −1.039 ± 0.085a
17 −2.860 ± 0.199a −1.000 ± 0.087a
Fig. 4. Multivariate analysis of NaCAS characterization with ellipses representing 95 % of mean conﬁdence levels. a) PCA projection of variables and clusters and b)
projection of variables.
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(employing GDL, for example), due to the development of a three-di-
mensional protein network (Broyard & Gaucheron, 2015; Dickinson,
2006; Kuhn et al., 2009).
Gels were prepared after OH treatment of NaCAS solutions and GDL
acidiﬁcation. OH was performed at an electric ﬁeld intensity of ap-
proximately 9 V·cm−1, thus attempting to cover the electrical eﬀects on
solubility of NaCAS solutions previously observed through multivariate
analysis at electric ﬁelds ranging from 5 V·cm−1 to 17 V·cm−1.
Conventional heating was also used to produce NaCAS gels.
Gels pretreated with conventional and OH showed signiﬁcant dif-
ferences (p < .05) when compared to the gel control, particularly in
relation to rupture stress and strain, and water holding capacity
(Fig. 5a, 5b and 5d). Rupture stress values (associated to gel hardness)
showed the greatest diﬀerence between the heating treatments and the
control (Fig. 5b), thus agreeing with the multivariate analysis that
showed non-homogeneity between unheated and heated samples. It
means that heating treatments, even considering sub-lethal tempera-
tures (< 100 °C) for this type of protein, could induce conformational
changes (i.e. increase of random coil structures) impacting its techno-
logical functionality. Nevertheless, regardless of the type of heat
treatment applied (with or without the presence of an electric ﬁeld),
and although the gels produced were prone to syneresis (WHC), they
always showed to be self-standing (Fig. 6).
In general, the gels formed by conventional or OH did not diﬀer
signiﬁcantly from each other (p > .05). However, only those treated
under the eﬀect of electricity presented less water holding capacity
when compared with the unheated samples (p < .05). When we dis-
cussed the inﬂuence of electric ﬁeld and its intensity on the NaCAS
solutions, we noticed that the protein became more soluble (lower
precipitation) at the pI with the increase of the intensity of the electric
ﬁeld applied. Such alteration may have caused a change in the gel
network formation, leading to a decrease in the water holding capacity.
Hydrophobic interactions, as well as electrostatic forces (Horne,
1998), are an important requirement to the development of a three-
dimensional protein network, and thus to gel formation (Dickinson,
2006; McMahon, Du, McManus, & Larsen, 2009). Considering that the
same conditions of temperature and acidiﬁcation were employed for all
systems, it can be hypothesized that changes found between NaCAS gels
are the result of alterations in hydrophobic interactions and electro-
static forces between caseins. Changes in NaCAS conformation result in
the exposure of unique hydrophobic domains, aﬀecting its solubility
and functional properties (Jahaniaval et al., 2000). The synergistic
combination between heating and the presence of MEF may have im-
posed disturbances and re-orientation of hydrophobic residues and re-
distributions of charges, thus aﬀecting the establishment of a three-di-
mensional network, and consequently, properties like the WHC of the
developed gel.
4. Conclusions
This study evaluated eﬀects of OH and its MEF on the functional
properties of NaCAS. Heating pre-treatments, even below ultra-high
temperature regimes, induced changes in the NaCAS acidiﬁed gels.
Multivariate analysis allowed to verify that the application of MEF at
diﬀerent intensities can promote diﬀerent patterns of physical proper-
ties of NaCAS solutions, particularly in respect to protein solubility at
the isoelectric point, together with inferences in hydrophobic interac-
tions. Conventional and OH give rise to gels with similar mechanical
Fig. 5. Mechanical properties and water holding capacity of sodium caseinate gels prepared from protein solutions treated by conventional and OH at 95 °C for
15min, and without treatment: a) rupture strain, b) rupture stress, c) water holding capacity and d) Young modulus. Diﬀerent letters mean signiﬁcant diﬀerences
between samples (p < 0.05).
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features, but the structural alterations promoted by OH were suﬃcient
to produce a gel with less water holding capacity, while there were no
statically signiﬁcant diﬀerence between unheated and conventional
heated samples.
These results suggest potential applications of ohmic heated NaCAS
in acidic gel systems or ﬂuid foods. Moreover, the eﬀects of electro-
heating on the increase of NaCAS solubility towards acidiﬁcation may
disclosure new functionalities or facilitate interactions with other pro-
teins that should be explored in future research. Application of elec-
trical ﬁelds at sterilization temperatures should also be considered since
it could increase the magnitude of protein conformational disturbances
and thus bring new technological functional properties to the produced
gels.
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